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Abstract 12 
A unique high temporal frequency dataset from an irrigated cotton-wheat rotation was used to 13 
test the agroecosystem model DayCent to simulate daily N2O emissions from sub-tropical 14 
vertisols under different irrigation intensities. DayCent was able to simulate the effect of 15 
different irrigation intensities on N2O fluxes and yield, although it tended to overestimate 16 
seasonal fluxes during the cotton season. DayCent accurately predicted soil moisture dynamics 17 
and the timing and magnitude of high fluxes associated with fertilizer additions and irrigation 18 
events. At the daily scale we found a good correlation of predicted vs. measured N2O fluxes (r2 = 19 
0.52), confirming that DayCent can be used to test agricultural practices for mitigating N2O 20 
emission from irrigated cropping systems. A 25 year scenario analysis indicated that N2O losses 21 
from irrigated cotton-wheat rotations on black vertisols in Australia can be substantially reduced 22 
by an optimized fertilizer and irrigation management system (i.e. frequent irrigation, avoidance 23 
of excessive fertiliser application), while sustaining maximum yield potentials.    24 
 25 
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INTRODUCTION 26 
Agricultural production systems are an important source of greenhouse gas (GHG) emissions, 27 
accounting for 15-30% of anthropogenic emissions at the global scale (IPCC, 2007, Tubiello et 28 
al., 2013). The major agricultural GHG sources are carbon dioxide (CO2) emissions from land 29 
use change, methane (CH4) emissions from enteric fermentation, and nitrous oxide (N2O) 30 
emissions from cropped and grazed soils. Agricultural soils are known to be the major 31 
anthropogenic source of N2O (Syakila &  Kroeze, 2011). In Australia, N2O from cropped and 32 
grazed soils is responsible for ~60% of total anthropogenic N2O emissions (AGO, 2010). With a 33 
global warming potential of nearly 300 times that of CO2, N2O is an important greenhouse gas 34 
that currently is also the primary contributor to stratospheric ozone depletion (Ravishankara et 35 
al., 2009). The microbial processes of nitrification and denitrification, which are mainly 36 
regulated by mineral nitrogen (N) and water availability result in production of N2O in soils and 37 
aquatic systems. The application of nitrogen (N) fertilizers enhances these processes by 38 
increasing mineral N levels. Other management practices, such as the use of legumes or 39 
irrigation, also influence N2O emissions. In Australia there are more than 2 million hectares of 40 
agricultural land under irrigation, which account for 23% of the total profit generated from 41 
agriculture on less than 1% of agricultural land (Australian Bureau of Statistics, 2006). Increased 42 
demand for fresh water resources has also led to a push for improved water management 43 
practices. Consequently, research has now focused on a combination of nitrogen fertilizer and 44 
irrigation management to maintain crop yields, maximize nitrogen use efficiency and minimize 45 
soil greenhouse gas emissions. It is therefore important to quantify GHG emissions in terms of 46 
both their areal (emissions per unit area) and GHG intensity (emissions per unit of agricultural 47 
production).   48 
3 
 
In contrast to crop yields (which are well quantified), N2O emissions are difficult to measure 49 
because they are highly variable in space and time (Groffman et al., 2009, Li et al., 2012). 50 
Traditionally, soil N2O emissions have been measured using ground based chambers that cover a 51 
small area (< 1 m2) at infrequent intervals (approximately one hour of sampling 2 to 10 times per 52 
month). Consequently, annual plot level emissions scaled up from these types of measurements 53 
often have large errors (Kroon et al., 2010). Recent technological advances allow more frequent 54 
temporal and larger scale spatial sampling (Desjardins et al., 2010, Parkin, 2008, Yao et al., 55 
2009). Even so, models are still required to achieve full spatial and temporal coverage of N2O 56 
emission estimates as well as to investigate how changes in climate and land use impact 57 
emissions (Giltrap et al., 2010, Moss et al., 2010).  58 
The type of models that are used to estimate N2O emissions range from simple emission factor 59 
derivations  (e.g., Millar et al. 2010) to complex simulation models that represent the processes 60 
that control emissions (e.g., Metivier et al. 2009). The DayCent biogeochemical model is of 61 
intermediate complexity in that it represents the major processes that control N2O emissions but 62 
the required input data are often readily available and the model is relatively easy to use (Del 63 
Grosso et al., 2011). The model has been used in various regions around the world (Abdalla et 64 
al., 2010, Del Grosso et al., 2009, Li et al., 2005, Stehfest &  Müller, 2004) and is currently used 65 
to estimate N2O emissions for the US National GHG Inventory (USEPA, 2013) conducted 66 
annually and reported to the United Nations Framework Convention on Climate Change 67 
(UNFCCC). It is important to rigorously test the model so that uncertainty bounds for N2O 68 
emissions can be reduced and the impacts of different management practices on emissions can be 69 
better quantified. Our objectives are to highlight recent improvements of DayCent, and test the 70 
ability of the model to represent crop yields, soil water content, and N2O emissions measured 71 
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using high temporal frequency automated chambers from an irrigated cotton-wheat rotation in 72 
Australia with varying amounts of irrigation water applied. This provides more rigorous model 73 
testing of DayCent than previous experiments that measured N2O relatively infrequently. In 74 
addition, we used DayCent to assess potential N2O mitigation strategies in irrigated cotton-wheat 75 
rotations in Australia by simulating different fertilizer and irrigation management scenarios over 76 
a climatically variable 25 year time span. 77 
MATERIAL AND METHODS 78 
DayCent Model Description 79 
DayCent (Del Grosso et al., 2001, Kelly et al., 2000, Parton et al., 1998) is the daily time step 80 
version of the CENTURY model. It simulates flows of carbon, nutrients, and trace gases 81 
between the atmosphere, soil, and plants as well as disturbance events and management practices 82 
such as fire, grazing, cultivation, and organic or synthetic fertilizer additions. Required model 83 
inputs are: soil texture by depth increment, current and historical land use, and daily maximum 84 
and minimum temperature and precipitation data.   85 
Key sub-models include: plant productivity, land surface water flow, decomposition of dead 86 
plant material and soil organic matter (SOM), soil water and temperature dynamics, and N gas 87 
fluxes.  Flows of carbon (C) and nutrients are controlled by the amount of C in the various pools, 88 
the nutrient concentrations of the pools, abiotic temperature and soil water factors, and soil 89 
physical properties related to texture. Net primary productivity (NPP) is a function of nutrient 90 
availability, soil water and temperature, shading, vegetation type, and plant phenology 91 
(Metherell, 1993). SOM is simulated for the top 20 cm soil layer and is divided into three pools 92 
(active, slow and passive) based on decomposition rates (Parton et al., 1993, Parton et al., 1994). 93 
Decomposition of SOM and external nutrient additions supply the nutrient pool, which is 94 
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available for plant growth and microbial processes that result in trace gas fluxes.  Ammonium 95 
(NH4+) is modeled for the top 15 cm and is considered immobile while nitrate (NO3-) is mobile 96 
throughout the soil profile and can be leached below the rooting zone. The land surface sub-97 
model of DayCent simulates water flow through the plant canopy, litter and soil profile, as well 98 
as soil temperature throughout the profile (Eitzinger et al., 2000, Parton et al., 1998).   99 
The N gas sub-model of DayCent simulates soil N2O and NOx gas emissions from nitrification 100 
and denitrification as well as N2 emissions from denitrification.  N gas flux from nitrification is a 101 
function of soil NH4+ concentration, water content, temperature, and pH (Parton et al., 2001, 102 
Parton et al., 1996).  Nitrification is limited by moisture stress on biological activity when soil 103 
water-filled pore space (WFPS) is too low (< 40% WFPS) and by O2 availability when WFPS is 104 
too high (> 80% WFPS). Nitrification increases exponentially with temperature and stabilizes 105 
when soil temperature exceeds the site specific average high temperature for the warmest month 106 
of the year. Nitrification is not limited when pH is greater than neutral, but decreases 107 
exponentially as soils become acidic. Denitrification is a function of soil NO3- concentration, 108 
labile C availability, WFPS, and soil physical properties related to texture that influence gas 109 
diffusivity (Del Grosso et al., 2000, Parton et al., 1996). The model calculates N2 + N2O 110 
emissions from denitrification by assuming that the process is controlled by the input that is most 111 
limiting (NO3-, heterotrophic soil respiration (labile C), WFPS). N2O emissions are calculated 112 
from total soil denitrification rates and an N2:N2O ratio function.  The ratio of N2:N2O gases 113 
emitted due to denitrification ranges from 1 to 23 and is assumed to increase as the ratio of e- 114 
acceptor (NO3-) to e- donor (labile C) decreases and as soil gas diffusivity and O2 availability 115 
decrease (Del Grosso et al., 2000). 116 
 117 
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Study site and experimental design 118 
The field experiment was conducted over a cotton-wheat rotation in 2009/2010 at the Agri-119 
Science Queensland, Department of Employment, Economic Development & Innovation 120 
(DEEDI) Kingsthorpe research station. The station is located about 20 km north-west of the city 121 
of Toowoomba, Queensland, Australia (27o30’44.5” Latitude South, 151o46’54.5” Longitude 122 
East, 431 m above mean sea level). The climate is sub-tropical with a mean annual rainfall of 123 
630 mm. The mean daily minimum and maximum temperatures are 16.3 and 27.2°C in the 124 
summer (December to February), and 5.9 and 17.0°C in winter (June to August), respectively. 125 
The soil at the site is a haplic, self-mulching, black, vertisol (FAO, 1998) with heavy clay texture 126 
(76% clay) in the 1.5 m root zone profile. The experiment was a randomized split plot design 127 
using three irrigation treatments and three replications. The irrigation treatments included: 128 
1. High irrigation (HI). Irrigation was applied when 50% of the plant available water 129 
capacity (PAWC) was depleted.   130 
2. Medium Irrigation (MI). Irrigation was applied when 60% of the PAWC was depleted.   131 
3. Low irrigation (LI). Irrigation was applied when 85% of the PAWC was depleted.  132 
The plots were irrigated individually with bore water using a solid-set sprinkler system. 133 
Irrigation amounts were measured using a rain gauge installed at the centre of each plot and were 134 
scheduled based on neutron probe soil water content measurements. All treatments received a 135 
total N application rate of 200 kg N ha-1 applied as urea over the wheat season and the same rate 136 
over the cotton season (Figure 1). See Scheer et al. (2013, 2012) for details on the study site, 137 
experimental design, and measurements. 138 
 139 
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N2O flux measurement 140 
N2O fluxes were measured continuously with a mobile fully automated measuring system during 141 
the entire wheat (June 15 to October 26, 2009) and cotton (November 21, 2009 to May 10, 2010) 142 
cropping seasons. Measurements were taken from 3 plots for each treatment (n = 9) within a 143 
split-plot design. During a normal measurement cycle, three chambers were closed at one time 144 
and four air samples taken from each chamber sequentially for 48 min (12 min apart) before the 145 
chambers were opened again and the next three chambers closed and sampled. Accordingly, a 146 
full measurement cycle for all chambers took 144 min which was repeated continuously so that 147 
up to 10 single flux rates (144 min apart) could be determined per chamber and day. The air 148 
samples were automatically pumped from the head-space of the chamber into an on-site gas 149 
chromatograph for N2O analysis. N2O fluxes were calculated from the slope of the linear increase 150 
or decrease in N2O concentration during the chamber lid closure and corrected for air 151 
temperature, atmospheric pressure and the ratio of chamber volume to surface area as described 152 
in detail by (Barton et al., 2008). Daily fluxes were estimated by taking the mean of the sub-daily 153 
fluxes. Soil (10 cm) and chamber temperature were measured every minute in conjunction with 154 
the automatic sampling system. Details of the design and operation of the chamber system can be 155 
found in Scheer et al. (2011) and Rowlings et al. (2012). Soil moisture was measured from 156 
December 2009 to March 2010 at 0.10 m depth increments to a depth of 1.0 m at hourly intervals 157 
using a Frequency Domain Reflectometry (FDR, EnviroSCAN Sentek, Stepney, SA, Australia) 158 
and at least weekly with the neutron probe method during the entire observation period. Soil C 159 
and N were sampled at the beginning and end of the growing season and grain and cotton lint 160 
yield were measured outside the chamber area at harvest.  161 
 162 
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 163 
DayCent Model Simulations 164 
To initialize the soil organic matter and nutrient pools in the model we simulated the past land 165 
use for about 2000 years until the model reached equilibrium (Del Grosso et al. 2011). We first 166 
simulated tropical grass from year 1 to 1950, with a 4-year burn cycle until 1900 and grazing 167 
from 1901-1950 . From 1951-1990 a sorghum-wheat rotation was simulated and from 1991-2006 168 
a cotton-wheat rotation was simulated (all crops non-irrigated, with 90% of crop residues 169 
removed at harvest). Beginning in 2007, cotton-wheat rotations were simulated at the 3 different 170 
irrigation levels: HI (high irrigation), MI (medium irrigation), and LI (low irrigation). 171 
Measurements from the weather station at Kingsthorpe were used to produce daily weather files 172 
of maximum and minimum temperature and precipitation. Daily management events (sowing, 173 
harvesting, cultivation, fertilization, and irrigation) were included using DayCent scheduling 174 
files. During the years of N2O measurements (wheat in 2009 and cotton in 2010) each crop 175 
received a total 200 kg N ha-1 in 3 applications of 100, 50, and 50 kg N with 90% of crop 176 
residues removed at harvest 177 
We also simulated different management scenarios over 25 years to assess the long term effect of 178 
varying fertilizer and irrigation management on N2O emission and to ensure any residual effects 179 
of N stored in the soil profile are excluded. The simulations were carried out using the 2007-180 
2009 weather data from the Kingsthorpe research station repeatedly, i.e. with no re-initialization 181 
of any of the soil water or carbon variables during this time. Management scenarios included 182 
four different irrigation treatments; HI, MI, LI as used in the field experiment with application of 183 
200 kg N ha-1 per crop and an optimal irrigation (opt. Irri) which used the same  irrigation 184 
amount of HI but applied the irrigation water in more frequent applications to avoid single 185 
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irrigation amounts > 40mm. Moreover, we assessed the impact of fertilizer rates on yield and 186 
emissions by simulating various fertilizer rates applied to cotton and wheat (0N, 50N, 80N, 187 
100N, 150N and 200N, kg-N per crop season and hectare) under the HI irrigation scenario. 188 
Model Calibration    189 
Initial simulations using default model parameters resulted in the model greatly overestimating 190 
soil organic C. This is because the soil is very high in clay content (76%) and the decomposition 191 
sub-model assumes that in finer textured soils, a higher portion of organic C is retained in the 192 
stabilized passive pool, and less C is lost as CO2 during decomposition. However, at this study 193 
site, the soil is a self-mulching vertisol which shrinks and swells considerably during wetting and 194 
drying phases, resulting in significant pedoturbation and increased soil carbon and nitrogen 195 
turnover rates. These shrinking and swelling soils are thus an exception to the widely observed 196 
relationship between organic C and clay content and annual decomposition rates are significantly 197 
higher than those of non-vertisol soils with similar clay content (Chilcott et al., 2007). 198 
Accordingly, we increased the inherent decay rate of the passive soil organic matter pool by a 199 
factor of 3 in order to realistically represent the observed low C values in this soil (~1.55 %).  200 
Initial simulations of the irrigated wheat and cotton showed that DayCent underestimated the 201 
magnitude of N2O emissions measured after N fertilizer applications. This was due to a limit on 202 
the maximum potential daily nitrification rate after soil ammonium concentration exceeds a 203 
threshold. The nitrification sub-model was changed so that users can choose to eliminate this 204 
limit and allow maximum nitrification rates to be solely a function of ammonium concentration. 205 
Subsequent model testing with N2O data from various experimental sites across the US showed 206 
that elimination of the limit on maximum daily nitrification rates gave favorable results (USEPA 207 
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2013) . This is the now the default parameterization recommended by the model developers and 208 
was the configuration of the model used in this study.  209 
 210 
RESULTS 211 
Model vs. field observations 212 
Overall, there was a good correlation between all measured vs. simulated daily fluxes (r2 = 0.52, 213 
RSME = 6.9 g N2O-N ha-1 day-1) (Figure 1). Seasonal N2O emissions were simulated well for 214 
wheat (RSME = 0.10 kg N2O-N ha-1 season -1) but were generally over-estimated for cotton 215 
(RSME = 0.54 kg N2O-N ha-1 season -1). For wheat, both the observations and simulations 216 
showed decreasing N2O as the amount of irrigation decreased. For cotton, both observed and 217 
simulated emissions were not as sensitive to the irrigation treatments, which was probably due to 218 
much higher rainfall over the cotton season compared to the wheat season (Table 1). The 219 
simulated N2O intensity (N2O emitted per ton of yield) was in good accordance with the field 220 
data, except for the LI treatment, where it was over-estimated for wheat and under-estimated for 221 
cotton. 222 
Both the measurements and simulations showed lower yields as the amount of irrigation 223 
decreased (Table 1), but DayCent overestimated wheat grain yields (except for the LI treatment), 224 
and underestimated cotton lint yields (except for the LI treatment). DayCent predicted the total 225 
aboveground biomass over the wheat and the cotton season satisfactorily (r2 = 0.88, 0.80 and 226 
0.71 for the Hi, MI and LI treatment respectively), but generally underestimated the observed 227 
values (Figure 2). Grain N uptake over the wheat season was simulated well for the HI and MI 228 
treatment but underestimated for the LI treatment (Table 1). The model tended to underestimate 229 
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soil NO3- in the profile, but showed the observed treatment effect of NO3- increasing with 230 
decreasing irrigation intensity (Figure 3a). However, DayCent tended to overestimate NH4+ in 231 
the top 15cm in all treatments (Figure 3b). The model performed well in predicting the soil water 232 
content (SWC) in the upper soil layers, at the daily scale (r2 = 0.57), but tended to slightly 233 
overestimate the SWC during periods of soil drying (Figure 4). DayCent showed minimal 234 
leaching of NO3- below the rooting zone for all irrigation treatments which is consistent with 235 
observations from these heavy clay soils, although this was not measured at this particular site. 236 
DayCent properly simulated the timing and magnitude of high fluxes associated with fertilizer 237 
additions to cotton (Figure 1). DayCent over-estimated emissions immediately after wheat was 238 
sown but then under-estimated emissions during the early growing season. During the middle 239 
and latter stages of the wheat season, most of the observed emission pulses were adequately 240 
represented except in the LI treatment. The model predicted observed peaks during the cotton 241 
growing season in December and mid-February, but also simulated a peak in early February due 242 
to nitrification which was not observed in the field (Figure 1). The very low emissions at the end 243 
of the growing season were accurately simulated in all treatments.  244 
Scenarios  245 
To account for seasonal variation caused by natural climate variability the average seasonal 246 
results of the last 5 years of the 25 year simulations are reported. DayCent predicted a significant 247 
impact of N fertilizer application rate on N2O emissions for wheat and for cotton with seasonal 248 
N2O-N emissions ranging from 0.01kg/ha and 0.04kg/ha in the 0N treatment to 0.82kg/ha and 249 
1.91kg/ha in the 200N treatment for wheat and cotton, respectively (Figure 5). Nitrogen 250 
application had little impact on yield in both wheat and cotton for fertiliser rates above 80N, 251 
while yield was reduced by 70% in the 0N treatments. Over all fertiliser treatments the predicted 252 
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N2O intensities (N2O emitted per ton of yield) ranged from 0.01 to 0.20 kg N2O-N/ t yield for 253 
wheat and 0.11 to 1.62 kg N2O-N/ t lint yield for cotton, respectively (Figure 5). 254 
Irrigation did not have a significant impact on N2O fluxes in the DayCent simulations. For 255 
cotton, seasonal N2O emissions were highest in the LI treatment, while N2O fluxes declined with 256 
declining irrigation intensity in the wheat simulations (Figure 6). However irrigation intensity 257 
had a significant impact on yield for both wheat and cotton. The highest yield was predicted for 258 
the optimized irrigation intensity with 4.36 t/ha in wheat and 1.31 t/ha in cotton, respectively. 259 
Consequently, N2O intensities increased as the amount of irrigation water decreased, ranging 260 
from 0.18 to 0.31 kg N2O-N/ t yield for wheat and 1.46 to 2.42 kg N2O-N/ t lint yield for cotton, 261 
respectively (Figure 6). We also tested an optimal irrigation scenario (identical irrigation amount 262 
as for HI but more frequent applications and no single application > 40mm) in combination with 263 
100 kg N ha-1 fertilizer application per crop season. The DayCent simulations showed that this 264 
treatment could sustain a high yield potential (4.27 t/ha for wheat and 1.29 t/ha for cotton) with 265 
substantially reduced N2O emissions (0.27 kg/ha for wheat and 0.65 kg/ha for cotton) and N2O 266 
intensities (0.06 kg N2O-N/ t for wheat and 0.50 kg N2O-N/ t for cotton) (Figure 6). 267 
DISCUSSION 268 
Reducing N2O emissions from agricultural activities has become a major concern in recent years. 269 
Process-based models are now being used to estimate N2O emissions and assess mitigation 270 
options of N2O fluxes by improving management at field, regional and national scales (Bell et 271 
al., 2012, De Gryze et al., 2011, Smith et al., 2010). To insure that model predictions are reliable 272 
these need to be tested and validated with field data from various agricultural systems. To our 273 
knowledge this is the first study to validate the DayCent model with automated, high temporal 274 
frequency field measurements of daily N2O emission data over an entire year without any re-275 
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initialization of the model between crops. Comparison of the DayCent output with the field data 276 
showed strong correlations of predicted and measured cumulative N2O fluxes, although total 277 
losses were generally overestimated during the cotton growing season. It is likely that this 278 
overestimation was due in part to an overestimation of SWC during periods of soil drying 279 
(Figure 4) causing elevated nitrification and denitrification activity and an underestimation of 280 
total biomass for cotton (Figure 2), which leads to underestimation of the plant N uptake and 281 
consequently increased N levels within the soil profile. This disparity between wheat and cotton 282 
is most likely related to the fact that the ability of the model to simulate yield has been much 283 
more thoroughly tested for wheat compared to cotton and could potentially be solved by 284 
increasing plant growth in cotton.    285 
DayCent’s ability to predict yield and total biomass worsened with decreasing irrigation intensity 286 
indicating that the model has problems simulating the effect of plant water stress. The 287 
overestimation of wheat yields (except for the LI treatment) and underestimation of cotton yields 288 
(except for the LI treatment) suggest that the model is overly sensitive to water stress in wheat 289 
but not in cotton. These varying effects of irrigation on yield and total biomass in wheat and 290 
cotton show that ideally cultivar-specific crop parameters are needed, while we used the generic 291 
DayCent modules for wheat and cotton which are rudimentary plant growth response models.  292 
Previous validation studies have found DayCent to give favorable results of cumulative seasonal 293 
or annual N2O emissions and good predictions of daily soil moisture and soil temperature, but 294 
weak correlations between measured and predicted daily fluxes (Del Grosso et al., 2008, Jarecki 295 
et al., 2008, Parton et al., 2001). Parton et al. (2001) found regression coefficients (r2) of 296 
measured vs. simulated daily N2O fluxes ranging from 0.02 to 0.19 for five different short grass 297 
steppe sites in the US. Del Grosso et al. (2002) reported similarly low correlations for a till/no-298 
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till wheat/fallow rotation in Colorado. Some studies have shown slightly better correlations 299 
between simulated and observed daily N2O fluxes, for example 0.32 for DayCent simulations of 300 
Irish pasture (Abdalla et al., 2010) and 0.35 for DayCent simulations of cropped soils in China 301 
(Li et al., 2005). Unlike these previous studies we found a correlation greater than 50% of 302 
predicted vs. measured N2O fluxes on a daily scale (r2 = 0.52), indicating that using a high 303 
frequency dataset for the initial model calibration can improve the model’s ability to better 304 
predict N gas flux dynamics. Overall, DayCent accurately predicted soil moisture dynamics and 305 
the timing and magnitude of high fluxes associated with N fertilizer additions and irrigation 306 
events (Figure 1), which confirms that DayCent is capable of simulating the dynamics of N2O 307 
emissions on a daily timescale.  308 
There are still uncertainties regarding the nitrification and denitrification processes as these are 309 
implemented in the model. Firstly, the nitrification sub-model was changed so that maximum 310 
nitrification rates were only limited by ammonium concentration within the soil profile. This 311 
unlimited nitrification rate gave favorable results for the observed cropping system and for 312 
various cropped and grazed sites in the US (USEPA 2013), but NH4+ concentrations in the soil 313 
profile were still overestimated, while NO3- underestimated (Figure 3ab). Better data on net soil 314 
nitrification rates would be required to validate this relationship for different plant and soil types. 315 
Secondly, there are few field data to validate the amount of N lost as molecular nitrogen (N2) 316 
during the denitrification process. DayCent predicts N2 losses as a function of total N gas loss 317 
from denitrification and an N2/N2O ratio function that varies inversely with soil gas diffusivity 318 
and the ratio of NO3- to labile C. This sub-model is based on laboratory studies on soil cores (Del 319 
Grosso et al., 2000). Several studies have shown that gaseous losses of N2 can constitute the 320 
largest part of N losses in fertilized agricultural systems with up to 100 times as much nitrogen 321 
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lost as N2 than as N2O (Scheer et al., 2009, Weier et al., 1993), which is not reflected in the 322 
model yet because the maximum predicted ratio is only ~23.  323 
Our validation shows that DayCent has the potential to predict daily N2O emissions under 324 
different management and climate scenarios and hence can be used to test agricultural practices 325 
for mitigating N2O emission from irrigated cropping systems. Process based models such as 326 
DayCent are critical to quantify large scale N2O emissions associated with agricultural soil 327 
management. Moreover, such models provide a powerful tool to assess how N2O emissions can 328 
be mitigated by improved management and what effect such mitigation strategies will have in the 329 
long term under varying climatic conditions.  However, there remains a need for more complete 330 
N cycle data to calibrate and rigorously test models to better understand environmental controls 331 
on soil N transformations and represent the different pathways of N loss more accurately. 332 
The simulations of different fertilization and irrigation practices in cotton-wheat rotations over a 333 
25 year time frame clearly showed that there is scope for reducing N2O emissions by modified 334 
fertilizer and irrigation management. For wheat and for cotton the model predicted that a 335 
fertilizer rate of 80-100 kg N ha-1 can sustain high yields but substantially reduce N2O losses 336 
compared to the 150N and 200N scenarios. Using 100 kg N ha-1 instead of 200 kg N ha-1 per 337 
season, as is often the farmers practice in the region, would reduce N2O emissions by more than 338 
70% without a significant impact on yield in wheat and in cotton. Our long-term simulations 339 
confirm the results of different field studies on the influence of fertilizer rates on yield and soil 340 
N2O emissions in various cropping systems. Ma et al. (2010) showed that in corn production 341 
systems in Eastern Canada fertilizer application above 90 kg N ha-1 will substantially increase 342 
N2O emission without much improvement in yield. Similar findings have been reported for 343 
irrigated wheat-maize cropping systems in Northern China and a corn-soybean rotation in the US 344 
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Midwest (Hoben et al., 2011, Liu et al., 2012). These results emphasize the need for site and 345 
crop specific N management practices with increased N use efficiency to minimise N2O 346 
emissions and maximise the economic benefits at the same time. 347 
Irrigation intensity had only a minor effect on N2O fluxes, but a significant effect on yield with 348 
highest yields under the optimized irrigation scenario, which is in good accordance with the field 349 
data collected over the 2009/2010 wheat cotton season (Table 1). For wheat, more frequent 350 
irrigation resulted in slightly higher N2O losses, which can be attributed to more periods of high 351 
soil moisture over the cropping season which stimulated nitrification and denitrification activity 352 
in the soil. However, more frequent irrigation increased average yield from 2.23 t/ha in the LI 353 
treatment to 4.36 t/ha in the opt. Irri treatment due to less water stress for the plants and reduced 354 
thus N2O intensity from 0.31 to 0.18 kg N2O-N/ t yield . For the cotton growing season, N2O 355 
emissions were highest in the LI treatment, probably due to reduced plant N uptake which led to 356 
higher availability of N in the soil during denitrification peaks following heavy summer rainfalls. 357 
Similarly, more frequent irrigation resulted in a significant yield increase with lowest N2O 358 
intensity in the opt. Irri. treatment. These simulations confirm the findings of the field 359 
experiment that irrigation frequency can potentially be used to reduce N2O losses and increase 360 
the N2O intensity of a cropping system. However, so far there is only limited field data available 361 
so that general statements on the effect of irrigation on the amount of N2O emissions cannot be 362 
derived (Trost et al., 2013). The corresponding N2O intensities decreased with decreasing N 363 
application and more frequent irrigation for both wheat and cotton, with the lowest values in the 364 
0N treatment. But management practices that will significantly reduce yield (e.g. 0N) cannot be 365 
seriously considered as viable mitigation options, since farmers will always aim for optimized 366 
yield, in particular in high value crops like cotton. However, the scenarios clearly show that the 367 
17 
 
N2O intensity can be significantly reduced while maintaining high yields by an optimized 368 
irrigation and fertilization strategy. Regular irrigation when the available water content is 369 
depleted will help to optimize yield, while avoiding excessive applications of N fertilizer will 370 
significantly reduce N2O losses. Our simulations suggest that such a combination of optimized 371 
irrigation with a fertilizer rate of 100 kg N ha-1 per season could potentially reduce the N2O 372 
intensity by 70% for both wheat and cotton, while sustaining maximum yield potentials.  373 
 374 
 375 
CONCLUSION  376 
A high temporal frequency dataset of N2O emissions was used to test the performance of 377 
DayCent on a daily base. Such high frequency datasets are ideal for model testing since it has 378 
been shown that intermittent and infrequent sampling of N2O can result in high uncertainties of 379 
the cumulative N2O flux. Moreover, daily flux data together with detailed soil and climate data is 380 
crucial to ensure the model is able to explicitly simulate both soil nitrification and denitrification 381 
processes and doesn’t produce the “right” result for the “wrong” reason. Whilst automated 382 
measuring systems are still substantially more expensive and have a limited spatial coverage, a 383 
mix of automated high frequency measurements (for process understanding), manual sampling 384 
(for spatial coverage) and modeling exercises (for large scale estimates) can be used to further 385 
reduce uncertainties in trace gas measurements. Our long term simulation exercise performed 386 
suggests that N2O losses from irrigated cotton-wheat rotations in Australia can be substantially 387 
reduced by dual modification of fertilizer and irrigation management and still sustain maximum 388 
yield potentials. Some of these options might not be attractive for the landholder as potentially 389 
18 
 
they increase energy costs (due to more frequent irrigation) and have a higher risk of yield losses 390 
(through reduced fertilizer inputs). Moreover, it needs to be noted that increased irrigation will 391 
also lead to increased GHG emissions related to energy used for irrigation. In order to fully 392 
assess mitigation options for different cropping systems all GHGs emitted during the production 393 
process should be taken into account. Future research needs to evaluate the economic and 394 
environmental costs and benefits of modified management options and how farmers can best be 395 
encouraged to adopt a climate friendly management strategy. 396 
 397 
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Table 1: Field observed and DayCent simulated N2O fluxes, emission factors, yield and N2O intensity 553 
during the wheat (June 15 to October 26, 2009) and cotton (November 21, 2009 to May 10, 2010) 554 
season for the three irrigation treatments at the Kingsthorpe research station, Queensland, Australia.  555 
 Wheat 2009  Cotton 2010 
 High irrigation (HI) 
 measured simulated  measured simulated 
Average Flux [g N2O-N ha-1 day-1] 5.5 ± 0.3 5.0  4.64 ± 1.1 8.3 
Seasonal Flux [kg N2O-N ha-1 season -1] 0.75 ± 0.04 0.7  0.82 ± 0.11 1.55 
Emission Factor [%] 0.38 0.35  0.44 0.78 
Irrigation/rain amount [mm] 417 -  734 - 
Yield [t/ha] 
Grain N uptake [kg-N/ha] 
3.1 ± 0.9 
74 ± 22.2 
3.7 
70.7 
 1.56 ± 0.08 
- 
1.22 
- 
GHG intensity [kg N2O-N/ t yield] 0.25 0.18  0.52 1.27 
 Medium Irrigation (MI) 
Average Flux [g N2O-N ha-1 day-1] 3.2 ± 0.7 4.3  6.04 ± 1.4 7.8 
Seasonal Flux [kg N2O-N ha-1 season -1] 0.43 ± 0.09 0.6  1.07 ± 0.15 1.43 
Emission Factor [%] 0.22 0.29  0.52 0.72 
Irrigation/rain amount [mm] 315 -  633  
Yield [t/ha] 
Grain N uptake [kg-N/ha] 
1.9 ± 0.2 
49 ± 9.4 
2.33 
49.5 
 1.07 ± 0.31 
- 
0.89 
- 
GHG intensity [kg N2O-N/ t yield] 0.23 0.25  1.00 0.72 
 Low irrigation (LI) 
Average Flux [g N2O-N ha-1 day-1] 3.3 ± 0.2 3.3  4.55 ± 0.5 6.9 
Seasonal Flux [kg N2O-N ha-1 season -1] 0.45 ± 0.03 0.46  0.80 ± 0.05 1.27 
Emission Factor [%] 0.23 0.23  0.40 0.63 
Irrigation/rain amount [mm] 219 -  586 - 
27 
 
Yield [t/ha] 
Grain N uptake [kg-N/ha] 
1.6 ± 0.3 
43 ± 9.9 
1.0 
27.9 
 0.73 ± 0.24 
- 
0.81 
- 
GHG intensity [kg N2O-N/ t yield] 0.28 0.46  1.11 1.56 
 556 
  557 
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Figure legends: 558 
Figure 1: Measured (markers) and DayCent simulated (lines) N2O fluxes  during the wheat (June 559 
15 to October 26, 2009) and cotton (November 21, 2009 to May 10, 2010) season for the three 560 
irrigation treatments at the Kingsthorpe research station, Queensland, Australia. 561 
Figure 2:  Measured (markers) and DayCent simulated (lines) aboveground biomass during the 562 
wheat (June 15 to October 26, 2009) and cotton (November 21, 2009 to May 10, 2010) season in 563 
the HI treatment at the Kingsthorpe research station, Queensland, Australia. 564 
Figure 3: Measured and DayCent mean soil nitrate in the 0–15 cm layer (a) and ammonium in 565 
the 0–15 cm layer (b) for the three irrigation treatments over the cotton season. 566 
Figure 4: Measured (markers) and DayCent simulated (lines) volumetric soil moisture content 567 
for three layers (0-10cm, 10-20cm and 20-30cm) from December 20, 2009 to March 12, 2010. 568 
Figure 5: DayCent predicted seasonal N2O emissions and yield for 6 fertilizer N rate scenarios 569 
for wheat and cotton at Kingsthorpe, Queensland, Australia. Values shown above the columns 570 
represent the N2O intensity (kg N2O-N/ t yield). 571 
Figure 6: DayCent predicted seasonal N2O emissions and yield for different irrigation intensity 572 
scenarios for wheat and cotton at Kingsthorpe, Queensland, Australia. Values shown above the 573 
columns represent the N2O intensity (kg N2O-N/ t yield). 574 
 575 
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 576 
Figure 1: Measured (markers) and DayCent simulated (lines) N2O fluxes  during the wheat (June 15 to 577 
October 26, 2009) and cotton (November 21, 2009 to May 10, 2010) season for the three irrigation 578 
treatments at the Kingsthorpe research station, Queensland, Australia. Arrows indicate the timing and 579 
amount of N fertilizer applications. 580 
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 582 
Figure 2: Measured (markers) and DayCent simulated (lines) aboveground biomass during the wheat 583 
(June 15 to October 26, 2009) and cotton (November 21, 2009 to May 10, 2010) season in the HI 584 
treatment at the Kingsthorpe research station, Queensland, Australia. 585 
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 587 
Figure 3: Measured and DayCent mean soil nitrate in the 0–15 cm layer (a) and ammonium in the 0–15 588 
cm layer (b) for the three irrigation treatments over the cotton season. 589 
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 591 
Figure 4: Measured (markers) and DayCent simulated (lines) volumetric soil moisture content for 592 
three layers (0-10cm, 10-20cm and 20-30cm) from December 20, 2009 to March 12, 2010. 593 
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 597 
 598 
Figure 5: DayCent predicted seasonal N2O emissions and yield for 6 fertilizer N rate scenarios for 599 
wheat and cotton at Kingsthorpe, Queensland, Australia. Values shown above the columns represent 600 
the N2O intensity (kg N2O-N/ t yield). 601 
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 604 
 605 
Figure 6: DayCent predicted seasonal N2O emissions and yield for different irrigation intensity 606 
scenarios for wheat and cotton at Kingsthorpe, Queensland, Australia. Fertilizer application rates 607 
were 100kg-N/ha season
-1
 (opt. Irri. + N100) and 200kg-N/ha season
-1
 (opt. Irri. , HI, MI, LI), 608 
respectively. Values shown above the columns represent the N2O intensity (kg N2O-N/ t yield). 609 
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